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Edited by Gerrit van MeerAbstract Peptide:N-glycanase (PNGase) is a deglycosylating
enzyme that catalyzes the hydrolysis of the b-aspartylglycosyl-
amine bond of aspargine-linked glycopeptides and glycoproteins.
Earlier studies from our laboratory indicated that PNGase cat-
alyzed de-N-glycosylation was limited to glycopeptide sub-
strates, but recent reports have demonstrated that it also acts
upon full-length misfolded glycoproteins. In this study, we uti-
lized two glycoprotein substrates, yeast carboxypeptidase and
chicken egg albumin (ovalbumin), to study the deglycosylation
activity of yeast PNGase and its mutants. Our results provide
further evidence that PNGase acts upon full-length glycoprotein
substrates and clearly establish that PNGase acts only on mis-
folded or denatured glycoproteins.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Newly synthesized N-linked glycoproteins are folded in the
endoplasmic reticulum (ER) and enter the secretory pathway,
whereas misfolded glycoproteins are initially retained in the
ER and subsequently exported to the cytoplasm. In the cyto-
plasm, they undergo proteasomal mediated ER-associated
degradation (ERAD) [1,2]. Peptide:N-glycanase (PNGase)
contributes to misfolded glycoprotein degradation by catalyz-
ing the removal of N-linked glycans.
Earlier work in our laboratory suggested that the de-N-gly-
cosylation activity of yeast PNGase was limited only to glyco-
peptides and not full-length glycoproteins [3]. However,
several recent studies indicate that PNGase also deglycosylates
denatured or misfolded glycoproteins. It was recently shown
that both yeast PNGase and its mammalian counterpart could
deglycosylate TCRa, which is known to be degraded in a pro-
teasome-dependent manner [4]. Moreover, the authors
achieved a knockdown in PNGase mediated deglycosylation
upon the introduction of siRNA complementary to mamma-
lian PNGase in Cos-1 and NIH3T3 cells [4]. Similar results
were obtained with US-2 dependent degradation of class I
MHC heavy chains, which were also deglycosylated by PNG-
ase [5]. Subsequently, it was shown that only denatured RNase
B, but not its native form was deglycosylated by PNGase [6].*Corresponding author. Fax: +1 631 632 8575.
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a1-antitrypsin, the null Hong Kong and the Pi Z form were
deglycosylated by PNGase, while the native glycoprotein re-
mained intact [6].
In order to reassess the substrate speciﬁcity and deglycosyla-
tion conditions of yeast PNGase (Png1p), we undertook a
study involving two well-characterized glycoproteins: carboxy-
peptidase Y (CPY) and ovalbumin. CPY is a yeast vacuolar
protease consisting of four N-linked glycans of high-mannose
type. It is posttranslationally translocated to the ER lumen
where it is glycosylated and subsequently matured in the Golgi
after which it is exported to the vacuole [7,8]. A point mutant
of this protein, CPY\, have been previously demonstrated to
be retained in the ER and retrotranslocated back to the cyto-
sol, where it serves as an ERAD substrate [9,10]. Interestingly,
Suzuki et al. [3] have reported that in a deletion mutant of
Png1 a slower rate of CPY\ degradation is observed. There-
fore, CPY is a suitable substrate to study in vitro deglycosyla-
tion by Png1p. Ovalbumin is a glycophosphoprotein and a
member of the serpin superfamily, which also includes a1-anti-
trypsin. Ovalbumin has one N-linked glycan and has at least
two phosphorylated variants. It is a major product of secretion
into the chicken egg white.
In our study, we used heat-denatured CPY and ovalbumin
along with their native forms to test the activity of Png1p.
Our results indicate that CPY is not deglycosylated in vitro un-
less it is ﬁrst denatured by heat treatment as assessed by circu-
lar dichroism (CD). The same requirement was observed for
ovalbumin. These ﬁndings, in addition to the aforementioned
work, clearly establish the concept that polypeptide misfolding
is a prerequisite for glycoprotein deglycosylation.2. Materials and methods
2.1. Plasmid constructs and reagents
Cloning of yeast Png1 and generation of its mutant constructs in
PET28a+ expression vector has been previously described [3,11]. Yeast
carboxypeptidase was purchased from Roche Diagnostics, Indianapo-
lis, IN and ovalbumin from Sigma, St. Louis, MO.
2.2. Glycoprotein denaturation
Stocks of 2 mg/mL CPY and ovalbumin were prepared in distilled
water. For glycoprotein denaturation, an aliquot from the stock of
CPY or ovalbumin was heated at 100 C for 20 min and rapidly frozen
in dry ice–ethanol bath.2.3. Circular dichroism analysis
All CD measurements of native and denatured CPY and ovalbu-
min were performed on Jasco J-715 spectropolarimeter. A 1 cm path
length cell was used to collect data in the far UV range. Sampleblished by Elsevier B.V. All rights reserved.
824 S. Joshi et al. / FEBS Letters 579 (2005) 823–826concentrations of 4.0 lM of CPY and 2.6 lM of ovalbumin were
used to collect data in the far UV. Spectra were collected with a
scan rate of 100 nm/min, with a 1-nm bandwidth, and a 1-s response
time. Spectra were measured in distilled water and the spectrum of a
blank containing distilled water was subtracted from all sample
values.
2.4. Protein expression and extraction
Escherichia coli BL21 (DE3) pLysS cells were transformed with
(his)6-tagged wild-type Png1p, or its mutant constructs (C165S,
C191A, R210A, H218A, W220A, W231A and D235A). Protein expres-
sion was performed by inducing 50 mL culture with 1 mM isopropyl-b-
D-thiogalactosidase at A600 = 0.6. After 4 h incubation at 30 C, the
cells were harvested at 3000 · g for 20 min. Protein extraction was per-
formed by adding 3 mL of lysis buﬀer comprised of phosphate buﬀer
saline, 1% Triton X-100, 1 mM dithiothreitol (DTT), and 1 mM phen-
ylmethylsulfonylﬂuoride. The mixture was subjected to sonication on
ice, using a Branson sonicator at level 3, for ﬁve 30-s periods with
30-s cooling intervals. The resulting cell extract was centrifuged at
16000 · g for 10 min at 4 C and the supernatant obtained was used
for the deglycosylation assay.
2.5. Deglycosylation assay
A reaction mixture containing 40 lL of E. coli lysate expressing
wild-type Png1, its mutant or expression vector alone (control) was
incubated with 80 lg of CPY or ovalbumin in 1 mL of buﬀer A com-
posed of 5 mM DTT in 20 mM Na2HPO4 and 0.5 M NaCl buﬀer, pH
7.2, at 25 C for 2 h. The reaction was stopped by boiling in SDS-sam-
ple buﬀer at 100 C for 5 min and analyzed by Western blot. Samples
of deglycosylation reaction were resolved on 10% SDS–PAGE and
transferred to nitrocellulose membranes. Blots were incubated with
1:4000 dilutions of rabbit polyclonal anti-ovalbumin antibody (Re-
search Diagnostics Incorporated, Flanders, NJ) or polyclonal anti-
CPY antibody (a kind gift from Dr. Neta Dean, SUNY at Stony
Brook), followed by a 1:3000 dilution of goat anti-rabbit IgG horse-
radish peroxidase-conjugated secondary antibody (Roche Molecular
Biochemicals, Indianapolis, IN). Blots were visualized using the chemi-
luminescence detected by exposure to medical X-ray ﬁlm (Fuji Photo
Film Co., Stamford, CT).3. Results
3.1. Heat-denaturation of CPY results in the loss of secondary
structure
Heat treatment is a widely employed method for protein
denaturation. While some proteins have the propensity to re-
fold upon slow cooling, others assume a non-native or a mis-Fig. 1. Far UV CD spectral analysis of CPY and ovalbumin. Panel A, nafolded state. We therefore exploited thermal denaturation to
obtain misfolded forms of CPY and ovalbumin. To assess mis-
folding, comparison of the native and heat-treated CPY or
ovalbumin was carried out by CD. Far UV CD spectra of na-
tive and denatured samples of CPY and ovalbumin were mea-
sured. As shown in Fig. 1A, native CPY showed a negative
peak at 210 nm and a positive peak at 194 nm, which is typical
for a protein that has a predominant a-helix conformation. In
contrast, the spectrum of the denatured CPY showed a low a-
helix content, conﬁrming the loss in secondary structure after
heat treatment. Native ovalbumin shows a negative peak at
221 nm and a positive peak at 192 nm. Although thermally
denatured ovalbumin did show some loss in the secondary
structure, the eﬀect of heat treatment was not as dramatic as
that for CPY (Fig. 1B).
We ruled out the possibility of insoluble protein aggregates
resulting from the harsh heat treatment by performing ultra-
centrifugation and protein estimation of the denatured protein
in the supernatant (data not shown).
3.2. Wild-type yeast Png1p can deglycosylate heat-denatured
CPY but not its native form
To test for the ability of native and denatured CPY to be
deglycosylated, an E. coli lysate expressing Png1p was incu-
bated with equal concentrations of native or heat-denatured
CPY. Western blot analysis of deglycosylation reaction using
anti-CPY antibody was performed to analyze the deglycosyla-
tion of CPY with Png1p. While Png1p had no eﬀect on the na-
tive CPY (Fig. 2, lane 1), complete deglycosylation of
denatured CPY by wild-type Png1p was observed (Fig. 2, lane
2), demonstrating a requirement for the misfolded form. No
deglycosylation was observed on native or denatured CPY
incubated in the absence of Png1p (Fig. 2, lanes 3 and 4). As
a control for deglycosylation, we incubated CPY with Endo-
H, a bacterial N-glycanase, and observed a similar shift com-
pared to Png1p deglycosylated CPY (Fig. 2, lane 5). To further
compare the deglycosylation pattern of in vitro deglycosylated
CPY, we analyzed the lysate from wild-type Saccharomyces
cerevisiae containing endogenous glycosylated CPY (Fig. 2,
lane 6) with the lysate from a yeast mutant of Stt3p (a subunit
of oligosaccharyl transferase) defective in N-glycosylation
(Fig. 2, lane 7). In the latter case, CPY undergoes partial gly-tive and denatured CPY; panel B, native and denatured ovalbumin.
Fig. 2. Deglycosylation activity of Png1p is speciﬁc for misfolded
glycoproteins; Png1 catalytic triad mutants do not deglycosylate
denatured CPY. Western-blot analysis of deglycosylation reaction
using CPY antibody. Lane 1, Png1p incubated with native CPY; 2,
Png1p incubated with denatured CPY; 3, native CPY alone; 4,
denatured CPY alone; 5, CPY treated with Endo-H (bacterial
N-glycanase); 6, endogenous CPY in a wild-type S. cerevisiae lysate;
7, CPY in a yeast lysate from a Stt3 mutant defective in glycosylation;
8, 9 and 10, denatured CPY incubated with active site mutants C191A,
D235A and H218A, respectively, of Png1p.
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diate position between fully glycosylated and deglycosylated
forms of CPY.
3.3. Catalytic triad mutants of Png1p fail to exhibit any
deglycosylation activity
A site-directed mutagenesis study of Png1p has implicated
the triad of amino acids Cys-191, His-218 and Asp-235 as
key components of the catalytic site [11]. We therefore tested
the activity of these mutants on denatured CPY and ovalbu-
min (Figs. 2 and 3, respectively). As expected, the active site
mutants of Png1p show no deglycosylation activity towards
heat-denatured CPY or ovalbumin (Fig. 2, lanes 8–10 and
Fig. 3, lanes 4–6). In case of ovalbumin, a control of denatured
ovalbumin lacking Png1p was loaded (Fig. 3, lane 1) along
with native and denatured ovalbumin incubated together withFig. 3. Png1p catalytic triad mutants do not deglycosylate denatured
ovalbumin. Western-blot analysis of deglycosylation reaction using
anti-ovalbumin antibody. Lane 1, ovalbumin alone; 2, Png1p-treated
native ovalbumin; 3, Png1p-treated denatured ovalbumin; 4, 5, and 6,
active site mutants of Png1p incubated with denatured ovalbumin; 7
ovalbumin treated with Endo-H (bacterial N-glycanase). +CHO and
CHO indicate glycosylated and deglycosylated forms of ovalbumin,
respectively, P denotes phosphorylated form of ovalbumin.Png1p (Fig. 3, lanes 2 and 3). In lane 7, Endo-H treated oval-
bumin was loaded as a positive control. Interestingly, we ob-
served only a partial deglycosylation of ovalbumin by Png1p,
which is in agreement with the results of our CD analysis
where we observe only a partial loss of secondary structure
(Fig. 3, lane 3). A doublet seen in the case of ovalbumin prob-
ably is indicative of its phosphorylated variants (Fig. 3).4. Discussion
The involvement of PNGase in the ER-associated degrada-
tion of misfolded glycoproteins had been proposed earlier
[12]. However, this became somewhat questionable when it
was shown that PNGase acted only on glycopeptides presum-
ably arising from proteasome-mediated proteolysis of glyco-
proteins [3]. Studies by Suzuki et al. [3,13] on yeast PNGase
corroborated this theory, as it was demonstrated that PNGase
could readily deglycosylate glycopeptide substrates with short
amino acid backbones and not full-length glycoproteins.
The ﬁrst evidence of PNGase activity on full-length glyco-
proteins came from recent in vivo studies by Hirsch et al.,
who utilized misfolded forms of TCRa and MHC class I
heavy chains as glycoprotein substrates [4,5]. These results
were further substantiated by a knockdown of deglycosyla-
tion observed in cells treated with siRNA directed towards
human PNGase [4,5]. It seems likely that the earlier ﬁnding
that PNGase is unable to deglycosylate full-length glycopro-
teins was due to the fact that the substrates used in this
study were not completely denatured. We now know that
the N-glycanase activity is speciﬁc for denatured or mis-
folded polypeptides [6].
Several years ago, our laboratory reported that DNA repair
enzyme Rad23p interacts with PNGase in yeast, and this inter-
action was further explored in a recent study [14,15]. The
mouse homolog of yeast PNGase was also found to interact
with the mammalian counterpart of Rad23p, mHR23b, in
addition to ubiquitin, S4 and autocrine motility factor receptor
[16]. These proteins have been identiﬁed as important compo-
nents of the ERAD pathway. It has also been demonstrated by
immunoﬂuorescence and subcellular fractionation that human
PNGase is associated with the ER, forming a complex with
HR23b and S4 in HeLa cells [17]. Thus, all the data so far indi-
cate PNGase involvement in ERAD and lead to a model in
which a retrotranslocated, misfolded glycoprotein is ﬁrst
deglycosylated in the cytosol by PNGase and subsequently de-
graded by the proteasome. We, however, cannot rule out the
possibility that in case of some substrates deglycosylation
may occur after proteasomal degradation.
Although it has been reported previously that PNGase acts
on misfolded polypeptides, our current work on PNGase fo-
cuses on the subject of substrate speciﬁcity. We addressed this
issue by carrying out thermal denaturation of glycoproteins to
generate their non-native forms, as opposed to chemical dena-
turation for the simple reason that many proteins regain their
native conformation upon removal or dilution of chemical per-
turbants such as guanidine hydrochloride or urea. We assessed
the unfolded state of CPY and ovalbumin by CD analysis.
Extensive misfolding of CPY was observed. In contrast, we
found that ovalbumin had the tendency to refold, even upon
rapid cooling after heat treatment. Such behavior of ovalbu-
min has been previously described [18]. Incubation of PNGase
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tion of the denatured but not native CPY. When heat dena-
tured ovalbumin was used as a substrate partial
deglycosylation was observed, which is consistent with the
CD analysis indicating the partial refolding of ovalbumin after
cooling. These ﬁndings therefore indicate that misfolding of
glycoproteins is a prerequisite for PNGase mediated degly-
cosylation and that complete unfolding is necessary to observe
complete deglycosylation.
In summary, we have made use of two additional, not previ-
ously studied glycoprotein substrates to study de-N-glycanase
activity of PNGase. Although our results suggest that PNGase
has a broad range of substrate speciﬁcity, it is clearly evident
that PNGase demonstrates a high stringency for misfolded ver-
sus the native form of glycoproteins.
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